Objective: Our aim was to evaluate the diagnostic yield of transesophageal echocardiography (TEE) in consecutive patients with ischemic stroke (IS) fulfilling the diagnostic criteria of embolic strokes of undetermined source (ESUS).
The skepticism toward the diagnostic utility of transesophageal echocardiography (TEE) in patients with cryptogenic stroke (CS) is increasing because of relatively high intrarater variability and the low prevalence of identified cardiac conditions causally associated with the ischemic event. 1,2 This controversy led to the currently proposed criteria for the definition of embolic strokes of undetermined source (ESUS) that do not include TEE among the mandatory diagnostic workup of ESUS clinical entity. 3 However, TEE is widely available 1 and most primary stroke centers may have access to it while all comprehensive stroke centers are required to have it. 4 We sought to evaluate both the diagnostic yield of TEE and the effect of TEE findings on therapeutic management in consecutive patients with ischemic stroke (IS) fulfilling the diagnostic criteria of ESUS. In addition, we performed a systematic review and meta-analysis to estimate the cumulative effect of TEE findings on secondary stroke prevention management among different IS subgroups.
METHODS Prospective cohort. We prospectively evaluated consecutive patients with IS satisfying ESUS diagnostic criteria from 3 tertiary care stroke centers (Attikon University Hospital, Athens, and University Hospital of Ioannina, Greece; University of Tennessee Health Science Center, Memphis) during a 12month period (January 2014 to December 2014). We prospectively recorded baseline characteristics and outcome measures for all acute IS (AIS) patients and further classified them according to the Trial of Org 10172 in Acute Stroke Treatment (TOAST) 5 and ESUS criteria, 3 as described in detail in the e-Methods at Neurology.org.
The patients with IS who fulfilled ESUS diagnostic criteria were scheduled to undergo additional diagnostic workup with TEE to estimate both the diagnostic yield and the effect of TEE findings in the therapeutic management of patients with ESUS. All TEE examinations were performed by experienced cardiologists in each participating institution who were blinded to patients' clinical and imaging data. TEE findings were further classified as major or minor/unclear risk cardioembolic sources, according to the recommendations published by the European Association of Echocardiography. 6 Standard protocol approvals, registrations, and patient consents. The study was approved by the ethics committees of the participating institutions, and informed consent was obtained from all patients (or guardians of patients).
Systematic review and meta-analysis. We additionally performed a systematic review and meta-analysis of available observational studies reporting changes in management of IS patients after TEE examination. The methodology of the metaanalysis and further information on statistical analyses are available in the e-Methods.
RESULTS
Prospective cohort. A total of 1,134 IS patients were admitted during the study period in the 3 participating centers. We identified 186 patients (16%) with CS, while the diagnosis of ESUS was confirmed in 68 cases (6% of IS patients and 37% of patients with CS; figure 1). A total of 61 patients with ESUS underwent investigation with TEE (90%), while in the remaining 7 patients we were unable to perform TEE during hospitalization because of early death (n 5 1), patient noncompliance (n 5 4), and patient denial to undergo this invasive examination (n 5 2). The baseline characteristics of our study population are presented in table 1.
TEE revealed abnormal findings in 52% (95% confidence interval [CI] by the adjusted Wald method: 40%-65%) of the study population (table 2) . The presence of valvular vegetations was documented in 2 cases (3% [95% CI: 0%-12%]), while left atrial thrombosis was detected in one patient (2% [95% CI: 0%-9%]). Paroxysmal atrial fibrillation in this patient was detected after TEE examination in the iterative 24-hour Holter examination. Neither myxomas nor ventricular septal defects were detected in any of the TEE examinations. TEE findings affected therapeutic management in 10 (16% [95% CI: 9%-28%]) patients with ESUS. More specifically, anticoagulation therapy was initiated in 5 patients, while the diagnosis of endocarditis, except for the clinical presentation, was confirmed by TEE in 2 patients who received treatment with IV antibiotics. Finally, 3 other patients underwent a patent foramen ovale (PFO) closure procedure because of the presence of large shunt on TEE and the history of multiple recurrent episodes of cryptogenic cerebrovascular ischemia despite medical treatment (figure 1), because they also had a history of deep venous thrombosis.
Systematic review and meta-analysis. The study selection process is described in detail in the e-Methods and presented in figure e-1, excluded studies with reasons for exclusion are presented in table e-1, and baseline characteristics and outcomes of included studies 7-17 are summarized in table e-2.
The pooled rate of reported changes to anticoagulation treatment among 3,562 total AIS patients after TEE investigation was 8.7% (95% CI: 7.3%-10.4%; figure e-2). Publication bias was not evident in either the funnel plot inspection (figure e-3) or in the Egger statistical test for funnel plot asymmetry (p 5 0.361). Substantial heterogeneity (I 2 5 46.8%, p 5 0.037 for Cochran Q test) was identified between studies. In subgroup analysis, the prevalence rates of changes to anticoagulation after TEE examination was not found to be significantly different (p 5 0.315) among patients with CS (6.9% [95% CI: 4.9%-9.6%]; figure 2), ESUS (8.1% [95% CI: 3.4%-18.1%]), and IS The flowchart presents the selection of included patients and the changes in therapeutic management after examination with TEE. ESUS 5 embolic stroke of undetermined source; IS 5 ischemic stroke; TEE 5 transesophageal echocardiography.
(9.4% [95% CI: 7.5%-11.8%]; figure 2 ). Among the 3 subgroups, evidence of heterogeneity was found only in the IS subgroup (I 2 5 68.8%, p 5 0.007 for Cochran Q).
We also estimated the percentage of patients who were started on treatment with anticoagulants after TEE according to current stroke guidelines 18 in each included study protocol (table e-2). The overall pooled rate was 4.1% (95% CI: 2.8%-6.1%; figure e-4) with substantial heterogeneity among studies (I 2 5 74.3%, p , 0.001 for Cochran Q). In subgroup analysis, the prevalence rates were not found to differ significantly among patients with CS (5.3% [95% CI: 3.5%-7.8%]; figure e-5), ESUS (8.1% [95% CI: 3.4%-18.1%]), and IS (3.7% [95% CI: 2.1%-6.4%]; figure e-5). Among the 3 subgroups, evidence of heterogeneity was found only in the IS subgroup (I 2 5 85.7%, p , 0.001 for Cochran Q). However, it should be noted that in most study protocols, only the presence of intracavitary thrombus was considered as a clear indication for anticoagulation initiation, as the concurrence of deep venous thrombosis in patients with PFO was not reported. DISCUSSION Our findings indicate that approximately half of the patients with ESUS have abnormal findings on TEE examination. These sources of potential aortogenic/cardiogenic embolism had been missed by the initial transthoracic echocardiography (TTE) screening and were consequently identified during the TEE investigation. Of note, our data Posterior circulation 10
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Abbreviations: CAD 5 coronary artery disease; DBP 5 diastolic blood pressure; IQR 5 interquartile range; LDL 5 low-density lipoprotein; mRS 5 modified Rankin Scale; NIHSS 5 NIH Stroke Scale; SBP 5 systolic blood pressure. Myxoma highlight that these abnormal TEE findings may have a decisive effect on the selection of appropriate therapeutic strategy in 1 of 7 ESUS patients. Moreover, the results of our meta-analysis indicate that our strategy for anticoagulant initiation in ESUS patients is generally in line with those previously reported for IS/CS patients. PFO and atrial septal aneurysm (ASA) are the most common findings that were found in our cohort of ESUS patients undergoing TEE. These findings were missed by the initial evaluation with TTE, as it is known that TTE has a very poor sensitivity in the diagnosis of PFO (46% [95% CI: 41%-52%]) compared to the gold standard TEE. 19 The need of TEE for detection of PFO is under debate because most findings lack evidence-based treatment recommendations. In a recently published meta-analysis from our study group, we found that medically treated patients with PFO do not have a higher risk of recurrent cryptogenic cerebrovascular events compared with those without PFO, while we documented no relation between the degree of PFO and the risk of future cerebrovascular events. 20 According to the current American Heart Association/American Stroke Association guidelines, 18 all ESUS patients with PFO were treated with antiplatelets, except for 3 patients with coexisting deep venous thrombosis who were treated with anticoagulation therapy according to current recommendations.
Even though most of the alternate therapies that have been implemented in IS patients with PFO mentioned above lack evidence-based recommendationsexcept for the administration of anticoagulants in case of concomitant deep venous thrombosis-we consider that PFO detection in young patients with embolic stroke patterns on neuroimaging and no traditional vascular risk factors not only can reveal the probable underlying mechanism of cerebral ischemia via paradoxical embolism 21 but also may have a crucial role on secondary stroke prevention strategies. We decided to refer 3 patients from our study cohort to a PFO closure procedure because these patients had only large shunts and experienced recurrent ischemic events, despite the absence of conventional risk factors and while on medical treatment with antiplatelets or anticoagulants. The superiority of percutaneous PFO closure compared to medical treatment in the prevention of recurrent stroke in patients with cryptogenic IS and presence of "high risk" PFO (PFO size $2 mm or ASA presence or hyperactivity of septal aneurysm in TEE examination) is under evaluation in an ongoing randomized clinical trial (DEFENSE-PFO, NCT01550588), the first Pooled prevalence rates of reported anticoagulation initiation after investigation with transesophageal echocardiography among stroke subgroups CI 5 confidence interval; CS 5 cryptogenic stroke; ESUS 5 embolic stroke of undetermined source; IS 5 ischemic stroke.
results of which are expected to be announced in 2017. Until the results of the aforementioned trial become available and according to current guidelines, 18 PFO closure should be regarded as an expensive, invasive procedure of unclear benefit for patients with cerebral ischemia and PFO, and thus might only be considered for very particular cases. Endocarditis is usually not diagnosed solely on routine TEE because clinical signs, laboratory examinations, and patient history usually point to the diagnosis. Nevertheless, TEE is considered the gold standard examination for the diagnosis of endocarditis and its complications, while it is particularly useful for excluding endocarditis in patients with negative cultures and atypical clinical presentation. 22, 23 The sensitivity and specificity of TTE in finding vegetations was reported to be 28% and 90%, respectively, while the corresponding values for TEE are 78% and 100%. 23 In addition, TEE is superior to TTE for detecting abscesses, a complication of endocarditis usually accompanied by a more unfavorable clinical course. 22, 23 It should also be acknowledged that many stroke patients present with fever and increased inflammatory markers because of respiratory or urinary tract infections. Therefore, because of the low diagnostic yield of TTE, we consider that an endocarditis with atypical clinical findings and negative blood cultures could be undetected if TEE is not performed in the absence of a definite cause for the cerebral ischemic event. The 2 patients with valvular vegetations on TEE received IV antibiotic treatment in a timely manner and had a favorable functional outcome at discharge.
Spontaneous echo contrast is defined as the turbulent-like "smoke" pattern visible during echocardiography, which is considered to represent an interaction between erythrocytes and plasma proteins, and in particular fibrinogen. 24 Its presence is considered to be suggestive of blood stasis in the left atrium, and thus closely related to atrial fibrillation and thromboembolism. [25] [26] [27] [28] Even though both spontaneous echo contrast and thrombus in the left atrium can present in some patients with atrial fibrillation undergoing TEE, it should be noted that the more prudent way to diagnose an underlying atrial fibrillation is prolonged rhythm monitoring. Finally, the presence of complex plaques in the aorta could be considered as a marker of generalized atherosclerosis and high vascular risk, 29 while their presence in the aortic arch/ascending aorta is known to be associated with an increased risk of recurrent stroke and death. 30 Finally, our systematic review and meta-analysis are in line with previous reports underscoring the substantial effect of TEE in initiating anticoagulation therapy in patients with IS or CS. More specifically, 8.1% (95% CI: 3.4%-18.1%) of our patients and 8.9% (95% CI: 7.4%-10.6%) of all patients included in the meta-analysis were started on anticoagulants after TEE examination. Oral anticoagulation was initiated in our cohort for the following indications: left atrial thrombosis (n 5 1), fibroelastoma (n 5 1), and PFO with coexisting deep venous thrombosis (n 5 3). 18 Earlier studies have also reported administration of anticoagulation therapy on the basis of abnormal TEE findings in CS patients for similar and additional indications: left atrial thrombus (n 5 42), 7-17 left ventricular thrombus (n 5 3), 13, 15 spontaneous echo contrast (n 5 9), 9, 11, 14 PFO with coexisting deep venous thrombosis (n 5 2), 8, 9 PFO and ASA concurrence (n 5 51), 11, 14, 15 PFO at rest with a history of stroke (n 5 18), 11 presence of thrombus or ulceration in the aorta (n 5 45), [9] [10] [11] [12] [13] [14] [15] and left ventricular dysfunction (n 5 10). 15, 16 The initiation of anticoagulation was also reported in an additional 76 patients, without providing further clinical details or rationale for the change in management. 9, 13, 16, 17 Our study has limitations including the relatively limited sample size, the lack of central adjudication of abnormal TEE findings, and lack of standardization of TEE across participating centers. Our study population consisted of 61 ESUS patients with a mean age of 44 6 12 years and a median NIH Stroke Scale score at hospital admission of 5 points. The small number and the relatively young age of our population could be partially attributed to the comprehensive diagnostic workup that all patients received in all institutions, as mentioned in the methods section, which revealed the underlying causes of cerebrovascular ischemia in a large proportion of the initial IS population (83.6% of the total 1,134 IS patients). Older patients are known to have more prevalent vascular risk factors but younger patients are more likely have a negative stroke workup and thus be categorized as CS. 31 Moreover, all participating tertiary care stroke centers are referral centers for young patients (aged 45 years or younger) with cerebrovascular diseases and this may also have contributed in the lower mean age of our study population. 32 However, it should be noted that the mean NIH Stroke Scale score of our ESUS patients (median 5 [3] [4] [5] [6] [7] [8] ) was very similar to the one previously reported from another single center stroke registry (median 5 [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ). 33 No age or stroke severity criterion was used for the referral of patients to TEE examination, while in all cases, TEE was performed by specialized echocardiographers with substantial experience in the cardiac workup of CS blinded to both the clinical and imaging data.
Moreover, it should be noted that in 7 of the ESUS patients (10%), examination with TEE was not performed because of early death, patient noncompliance, or denial to undergo this invasive examination. Because TEE is an invasive examination, with some IS patients having relative or absolute contraindications, there is growing interest in the establishment of cardiovascular CT and MRI in the evaluation of stroke. 34 Even though cardiac MRI can detect possible cardioembolic sources in CS patients, 35 its diagnostic yield remains lower than that of TEE, thus verifying that up-to-date TEE remains the gold standard diagnostic modality in the evaluation of possible cardioembolic sources in the setting of cerebral ischemia. 36, 37 Nevertheless, these imaging modalities may provide crucial diagnostic information guiding therapeutic decisions in a minority of IS patients who cannot undergo TEE.
Finally, in the initial classification of the AIS patients, we used the TOAST classification system, which is regarded as the most widely used and approved form for etiologic stroke subtyping. 5 Even though TOAST classification is thought to have a generally good concordance with the ASCO classification, 38 the comprehensive character of ASCO classification allows the recording of important additional information, and may result in the classification of a lower proportion of TIA and minor stroke patients as CS. 39 However, for the classification of AIS patients as ESUS, we used the sole and currently proposed criteria for this clinical entity, 3 which are independent from the classification systems mentioned above.
The main limitation of our meta-analysis is associated with the detection of heterogeneity regarding the rate of initiation of anticoagulation therapy attributed to the TEE examination among the included 12 studies. Of note, our sensitivity analyses indicated that there was no heterogeneity in the pooled reported rates in the ESUS and CS subgroups. Moreover, the effect of TEE on initiation of anticoagulation therapy for secondary stroke prevention was practically identical in CS (1 of 14 patients) and ESUS (1 of 12 patients). This observation may be relevant to the expected results of ongoing phase III trials evaluating the safety and efficacy of rivaroxaban (NAVIGATE-ESUS, NCT02313909) or dabigatran (RE-SPECT ESUS, NCT02239120) in comparison to aspirin in patients with ESUS, in view of the findings of WARSS (Warfarin-Aspirin Recurrent Stroke Study Group) that failed to demonstrate the superiority of warfarin over aspirin for secondary stroke prevention in patients with CS. 40 Another important limitation of our meta-analysis that should be considered is that neither the change in management nor the initiation of anticoagulation strategies was consistent among the studies included in the meta-analysis. Many of the reported procedures (percutaneous or surgical PFO closure) or anticoagulant administration indications (PFO with/without ASA, spontaneous echo contrast) are not in accordance with current American Heart Association/American Stroke Association stroke guidelines. 18 However, it should be noted that most of the study protocols included in the meta-analysis were conducted before the publication of the aforementioned guidelines (May 2014), when there was still uncertainty and discrepancies in the literature about the optimal management for many TEE findings in patients with CS. Apart from the diagnostic management strategies, the extent of diagnostic workup was also not consistent across included study protocols suggesting an overrepresentation of the CS population in studies with a limited diagnostic workup according to current standards. 7 It thus seems that TEE examination may be a useful addition in the diagnostic workup of ESUS, since it can reveal potential sources of cardiogenic/aortic embolism that may have originally been missed by TTE. Consequently, therapeutic decision-making may be modified in terms of secondary prevention in ESUS patients with abnormal TEE findings, while anticoagulation therapy may be offered instead of antiplatelets in 1 of 12 ESUS patients if TEE is added in their diagnostic workup. Even though the original ESUS criteria do not specify duration of cardiac monitoring, ongoing trials suggest that 24-hour ECG monitoring as the lowest common denominator that should be a bare minimum across the stroke centers. We therefore consider that there is a high risk of underinvestigated and highly heterogeneous patients being enrolled in the ongoing trials, as they serve to the bare minimum set of tests as opposed to a more proactive approach suggested by the inclusion of TEE in our study protocol. In view of the former considerations and if our findings are reproduced by independent investigations, further refinement of the ESUS definition may be required. 
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